Cervical cancer is the most common genital malignancy and the high-risk human papillomaviruses (HPV type 16, 18 and 31, and so on) are major agents for its cause. A key switch for the onset of cervical cancers by HPVs is the cellular degradation of the tumorsuppressor p53 that is mediated by the HPV-generated E6 protein. E6 forms a complex with the E3 ubiquitin-ligase E6-associated protein (E6AP) leading to p53 degradation. The components that control E6 expression and the mechanisms for regulation of the expression in host cells remain undefined. Here we show that the nuclear noncanonical poly(A) polymerase (PAP) speckle targeted PIPKIa regulated PAP (Star-PAP) controls E6 mRNA polyadenylation and expression and modulates wild-type p53 levels as well as cell cycle profile in high-risk HPV-positive cells. In the absence of Star-PAP, treatment of cells with the chemotherapeutic drug VP-16 dramatically reduced E6 and increased p53 levels. This diminished both cell proliferation and anchorage-independent growth required for cancer progression, indicating a synergism between VP-16 treatment and the loss of Star-PAP. This identifies Star-PAP as a potential drug target for the treatment of HPV-positive cancer cells. These data provide a mechanistic basis for increasing the sensitivity and efficiency of chemotherapy in the treatment of cancers that have low levels of wild-type p53.
INTRODUCTION
TP53 is one of the most frequently mutated genes in human cancers, and its protein product p53 controls cell cycle progression and apoptosis, and therefore is critical for cell proliferation and cancer progression. However, only wild type and not mutant p53 is capable of suppressing cell growth 1,2 and the wild-type p53 stability and levels are low in high-risk cervical cancer cells because of E6/E6-associated protein (E6AP)-mediated degradation. 3 The high-risk human papillomavirus (HPV) E6/E7 early viral sequence merges into the host cell genome with integrated 5 0 -promoter and 3 0 -end host sequence preceded by the standard hexanucleotide polyadenylation signal (AATAAA). 4 ,5 E6 expression in host cells eliminates the cellular protective response to genotoxic stress such as DNA damage by interfering with p53-mediated cell cycle arrest. 6 Chemotherapeutic drugs such as VP-16 (DNA damage agent) and cisplatin (alkylating agent and DNA crosslinker) could restore p53 levels by decreasing E6 expression and usurp the E6/E6AP-mediated proteosomal degradation pathway in these cells. 7, 8 As restoration of the expression of the wild-type p53 leads to enhanced cell death of cancer cells with DNA damage, this has been proposed as a strategy for cancer therapy. [9] [10] [11] [12] The nuclear speckle targeted PIPKIa regulated poly(A) polymerase, Star-PAP, is a non-canonical poly(A) polymerase (PAP) that selectively controls gene expression by processing premRNAs. [13] [14] [15] Star-PAP is incorporated into transcriptional and 3 0 -end processing complexes that are distinct from those of the canonical PAP and are required for 3 0 -end cleavage and polyadenylation of select target pre-mRNAs. [13] [14] [15] The specificity and activity of Star-PAP toward genes are controlled by signaling pathways through the assembly of specific signaling molecules into the Star-PAP complex. 15 Downstream of signaling, Star-PAP is regulated by specific interactions with protein kinases including PKCd, CKIa and CKIe and the associated phosphoinositide kinase PIPKIa, which generates phosphatidylinositol 4,5-bisphosphate (PI4,5P 2 ).
13,15-17 PI4,5P 2 acts as a lipid messenger that directly stimulates Star-PAP's PAP activity 13, [15] [16] [17] and the associated kinases regulate Star-PAP gene specificity. 15 Previously, we showed that Star-PAP is a DNA damage sensitive controller of the expression of the pro-apoptotic gene BIK and VP-16 could potentiate the PAP activity of Star-PAP required for mRNA 3 0 -end processing. 15 This study identified Star-PAP as a direct upstream mediator of HPV E6 expression, which controls p53 levels critical for the cellular response to DNA damage signals and cell survival. Importantly, downregulation of Star-PAP greatly improved the cytotoxicity of VP-16 and increased the mortality of the high-risk HPV-positive cells.
RESULTS AND DISCUSSION
Star-PAP controls E6 and p53 expression in high-risk HPV-positive cervical cancer cells downstream of DNA damage In normal cells, p53 levels are regulated by Mdm2-mediated proteosomal degradation. In high-risk HPV-positive cancerous cells, p53 expression is low and modulated by the E6 and E6AP-controlled destruction pathway. 18 During the study of Star-PAP regulation of specific gene expression in response to DNA damage in HeLa cells (HPV-18-positive), we found that p53 levels were remarkably increased when Star-PAP is downregulated by small interfering RNA knockdown and this is accompanied by a loss of E6 protein (Figure 1a ). VP-16 treatment (DNA damage) also diminished E6 and increased p53 (Figure 1a Figure 1a ) consistent with reported previously. 19 Strikingly, Star-PAP knockdown-coupled VP-16 treatment resulted in a dramatic loss of E6 protein and a synergistic increase in p53 levels whereas E6AP protein levels were not affected ( Figure 1a) . Similar effects were observed in the HPV-16-positive SiHa and CaSki cells (Figure 1a) , suggesting that the Star-PAP regulation of p53 and E6 expression is a broad mechanism for the high-risk HPV-infected cells. To verify these results, HeLa cells were selected as a model for further characterization. Immunofluorescence microscopy data demonstrated that the opposite changes in E6 and p53 levels after Star-PAP knockdown and VP-16 treatment resulted in enhanced nuclear accumulation of p53 with a loss of E6, and no detectable change of E6AP within nucleus (Figure 1b and Supplementary  Figure 1b) .
Cellular protein fractionation analysis demonstrated that the increase in p53 protein levels induced by Star-PAP knockdown and VP-16 treatment was exclusively in the nucleus (Figure 1c ), consistent with a role of the increased p53 in transcriptional activation of target genes and response to stress signals. Further, the complex of E6 with E6AP was diminished under the same experimental conditions potentially owing to the reduction in E6 expression (Supplementary Figure 1c) , indicating that the proteosomal degradation pathway for p53 destruction was impaired. Interestingly, PIPKIa, PKCd and CKIa/e that mediate Star-PAP activities for the 3 0 -end processing and expression of certain target genes [13] [14] [15] [16] [17] were not involved in the regulation of E6 expression (data not shown). This is possibly due to the chimeric property of the 3 0 -end sequence of the E6 pre-mRNA, which is a combinational derivative of the viral and the host genomes in HeLa cells. Although it still requires Star-PAP for transcript processing at the 3 0 -end, this chimeric sequence may combine to recruit different transactivating factors into the Star-PAP mRNA-processing complex.
Star-PAP regulates E6 mRNA levels by mediating the polyadenylation of the transcripts Star-PAP is a PAP. 13 Thus, the decrease in E6 protein levels upon Star-PAP knockdown could be due to defective polyadenylation of the E6 mRNA and hence loss of expression. To assess this, the E6 mRNA levels were examined in cells treated with or without Star-PAP knockdown and in the presence or absence of VP-16. Figures 2a and 2b) . This is further supported by reverse transcriptase-PCR for E6 products (with the inclusion of the first intron) 4 using primers specific for the first and second exons of E6 pre-mRNA ( Figure 2b ). The E6 first intron spliced product E6*I 20 and the E6 mRNA were detected using this method 20, 21 and were diminished by Star-PAP knockdown and/or VP-16 treatment (Figure 2b) , demonstrating that the E6-host cell transcripts were lost. As the E6 and E6*I transcripts were generated using the same poly(A) signal, 4,5,22 the loss of both transcripts after Star-PAP knockdown is consistent with the role of Star-PAP in mRNA 3 0 -end processing. This is directly modulated by Star-PAP as it interacts with the E6 mRNA as detected by RNA immunoprecipitation (data not shown). The E6*I mRNA encodes the E7 oncoprotein, 20 and E7 binds and destabilizes the retinoblastoma tumor-suppressor pRb. 3 Examination of E7 mRNA and protein levels by qRT-PCR and immunoblotting, respectively, showed that although the E7 mRNA contents were reduced in the Star-PAP knockdown cells, the E7 protein levels remained unchanged (Supplementary Figure 2c) . VP-16 treatment also decreased E7 mRNA levels to some extent and slightly reduced E7 protein levels. The E7 target pRb levels, however, remained constant under the experimental conditions (Supplementary Figure 2c) . The observed inconsistency in E7 mRNA expression and protein levels was reported before. [23] [24] [25] It is well accepted that the cellular steady-state E7 protein levels are translationally or post-translationally regulated, [25] [26] [27] and may not directly mirror the mRNA levels. 23 Star-PAP knockdown did not alter TP53 and E6AP mRNA levels (Figure 2a) indicating that the dramatic increase in p53 protein levels after Star-PAP knockdown plus VP-16 treatment was not due to a transcriptional increase in TP53 or decrease in E6AP mRNAs. Addition of VP-16 slightly increased TP53 expression ( Figure 2a) . As an indicator of p53 transactivation, the effector of p53-mediated blockage of cell cycle S-phase entry, p21 mRNA expression was modestly increased after Star-PAP knockdown or VP-16 treatment but there was a large increase in p21 expression upon loss of Star-PAP and VP16 treatment (Supplementary Figure 3) . The expression of Mdm2, which functions as an E3 ubiquitin ligase for p53 degradation in normal cells but is inactive in HPV-positive cervical cancer cells, 18 and its modifying proteins SENP2 (for Mdm2 desumoylation) and p14ARF (for Mdm2 sequestration in nucleolus) were not significantly changed (Supplementary Figure 3) .
To verify that E6 expression is controlled by Star-PAP-mediated polyadenylation of the mRNA, poly(A) test assays 28, 29 were performed to analyze the changes in intracellular polyadenylated target mRNA. Knockdown of Star-PAP diminished the production of the polyadenylated E6 mRNA in both VP-16-treated and nontreated cells (Figure 2c , compare lanes 2 and 4 with lane 1). VP-16 is able to stimulate Star-PAP activities toward the BCL2-interacting killer, BIK, mRNA polyadenylation and expression. 15 In contrast, VP-16 treatment diminished E6 mRNA expression (Figure 2a 29 reverse transcribed and the E6 poly(A) mRNA generation assessed by PCR amplification of the corresponding complementary DNA using the gene-specific forward primer as described above and the oligo(dT)-anchor primer. The PCR products were then resolved on 1.5% agarose gel, stained with ethidium bromide and imaged.
collectively demonstrate that Star-PAP mediates E6 mRNA 3 0 -end processing and expression, by which controls p53 protein levels.
Star-PAP-mediated p53 expression regulates cervical cancer cell proliferation and anchorage-independent growth As E6 and p53 regulate HeLa cell proliferation and the combined treatment of Star-PAP knockdown and VP-16 resulted in a dramatic increase in p53 expression, we hypothesized that increased p53 and VP-16 treatment would synergistically regulate cell cycle progression, proliferation and anchorage-independent cell growth. To test this, cell cycle profiles were quantified by fluorescence-activated cell sorting analysis (FACS). The results showed that knockdown of Star-PAP reduced the cell numbers in S-phase and increased that of G1-phase while p53 knockdown resulted in an opposite trend (Supplementary Figure 4) in line with the role of p53 in cell cycle regulation. 30 These modest changes in cell cycle profile could be due to the low basal level of p53 within the cell. VP-16-induced DNA damage arrested cells in G2-phase as reported 31, 32 and knockdown of p53 enhanced this arrest (Supplementary Figure 4b) because of a blockage of the cells progressing through S-phase. Interestingly, Star-PAP-knockdown cells appeared to progress into S-phase in the presence of VP-16 (Supplementary Figure 4b) . As described before, the p53 levels were increased in Star-PAP knockdown cells and this was greatly enhanced in VP-16-treated cells. Therefore, the cells will eventually die in S-phase with sustained VP-16 treatment. This concept is supported by an independent observation, where expression of wild-type p53 could override the VP-16-induced G2 arrest and increase VP-16 cytotoxicity. 31 Downregulation of p53 in addition to Star-PAP knockdown and VP-16 treatment slightly reduced the S-phase and increased the G2-phase cell numbers compared with that of the control RNA interference condition ( Supplementary  Figure 4b) , a trend as seen under conditions of p53 knockdown and VP-16 treatment. The increase in S-phase entry after Star-PAP knockdown compared with the mock/control knockdown cells in the VP-16 treatment background suggests additional mechanisms in the control of S-phase entry might be involved.
To verify that the synergistic effect of Star-PAP knockdown and VP-16 treatment has an impact on cell survival, cell proliferation and colony assays were carried out in the presence or absence of a low dose of VP-16 (2 mM). Although p53 knockdown increased cell proliferation, Star-PAP knockdown attenuated this activity in both VP-16 non-treated and treated cells and is profound in the latter (Figure 3a and Supplementary Figure 4a) . This is further confirmed by soft agar colony formation assays, which assess anchorageindependent growth that is fundamental for tumor progression. Star-PAP knockdown alone only slightly decreased the colony size and numbers compared with control. VP-16 treatment greatly reduced the colony numbers. Strikingly, the growth of HeLa cell colonies in soft agar was totally abolished under Star-PAP knockdown plus VP-16 treatment conditions (Figures 3b and c) . To ensure that this phenotype is a synergistic effect of the enhanced p53 levels, p53 was knocked down and colony formation evaluated. Depletion of p53 augmented the colony size and numbers in the absence of VP-16, and substantially restored the colony formation attenuated by VP-16 treatment and Star-PAP knockdown (Figures 3b and c) , indicating the growth- inhibiting effect of the combined treatment is through a p53-mediated pathway. Discrepancies between the FACS analysis and the colony formation experiments in terms of cell cycle blockage and growth arrest under Star-PAP/p53 knockdown and VP-16 treatment conditions are likely due to the use of VP-16 at different concentrations and treatment durations.
We have identified E6 as a Star-PAP target in high-risk HPVpositive cervical cancer cells. Star-PAP-controlled E6 expression regulates p53 levels by interfering with the fine-tuned nuclear E6/ E6AP/p53 complex formation required for p53 degradation, cell cycle progression and oncogenic growth downstream of DNA damage (Figure 3d ). Therefore, this study implicates a role for Star-PAP as a nuclear sensor of the genotoxic stress pathway that controls p53 degradation, which is critical for the cell cycle surveillance system and cell survival. Our data support Star-PAP as a therapeutic target in cancers with downregulated wild-type p53 levels. Pharmacological compounds or short oligonucleotides directed to target Star-PAP during cancer treatment with DNA damage agents such as chemotherapeutic drugs or gamma irradiation may increase the sensitivities of the therapeutics and therefore could be clinically beneficial.
